Epilepsy includes a group of disorders of the brain characterized by an enduring predisposition to generate epileptic seizures. Although familial epilepsy has a genetic component and heritability, the etiology of the majority of non-familial epilepsies has no known associated genetic mutations. In epilepsy, recent epigenetic profiles have highlighted a possible role of microRNAs in its pathophysiology. In particular, molecular profiling identifies a significant number of microRNAs (miRNAs) altered in epileptic hippocampus of both animal models and human tissues. In this review, analyzing molecular profiles of different animal models of epilepsy, we identified a group of 20 miRNAs commonly altered in different epilepsyanimal models. As emerging evidences highlighted the poor overlap between signatures of animal model tissues and human samples, we focused our analysis on miRNAs, circulating in human biofluids, with a principal role in epilepsy hallmarks, and we identified a group of 8 diagnostic circulating miRNAs. We discussed the functional role of these 8 miRNAs in the epilepsy hallmarks. A few of them have also been proposed as therapeutic molecules for epilepsy treatment, revealing a great potential for miRNAs as theranostic molecules in epilepsy.
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Epilepsy is a global health care issue affecting 50-70 million people worldwide with 2.4 million people being diagnosed with epilepsy each year. 1 It affects $1% of the population worldwide at the age of 20 years and 3% at the age of 75 years; 2 $80% of epilepsy cases occur in the developing countries, and three-fourths of the affected individuals do not get appropriate treatment. 1 Epilepsy is a highly heterogeneous condition that encompasses a spectrum of clinical subtypes sharing the common feature of persistently increased neuronal excitability and spontaneous seizure generation. Although clinical classifications are constantly evolving, in 2017, the International League Against Epilepsy (ILAE) announced new classification schemes for both seizures and epilepsies, and it proposed to classify epilepsies on seizure types, epilepsy types, and epileptic syndromes, dividing seizures into focal onset and generalized onset. [3] [4] [5] [6] Traditional estimates of heritability for epilepsy varied greatly, and growing evidence has illustrated that genetic factors may play a role in many epilepsy syndromes. [6] [7] [8] A recent work reported heritability as 32% for all epilepsy classes, 23% for focal epilepsy, and 36% for nonfocal epilepsy. 7 Currently available interventions and antiepileptic drugs (AEDs) are not effective in over 30% of the patients. 8 Most of these AEDs are primarily targeted against neuronal ion channels or neuronal receptors, such as gamma-aminobutyric acid (GABA) and glutamate receptors. 9 Thus, there is a need to better understand the underlying disease mechanisms in order to identify novel drug targets or treatment strategies. 10 mRNAs by binding to their complementary sequence at the 3 0 UTR of a coding mRNA. 15 miRNA works in a particular way for activitydependent regulation of mRNA stability and translation. 11, 16 Previous studies have focused on the regulations of miRNA on its target genes, and some studies analyzed the effects of the altered expression of single miRNA, increasing or decreasing miRNA levels in mouse and rat models, and observing the amelioration of the pathological features of epilepsy. [17] [18] [19] [20] The SNPs in miRNA genes (miRNA-SNPs) are one example of point mutation that could affect miRNA function in one of the following three possible ways: altering transcription of the primary miRNA transcript, processing primary miRNA (pri-miRNA) and precursor miRNA (pre-miRNA), and through their effects on the modulation of miRNA-mRNA interactions. 21, 22 As a result, miRNA-SNPs have been associated with the pathogenesis of human disease, including epilepsy. 23 The alteration in the expression levels of specific miRNAs has been described as a possible cause in the onset of different pathologies, from cancer 24 to brain pathologies, such as Parkinson's disease, 25 Alzheimer's disease (AD), 26 or other neurodegenerative diseases. 27 In epilepsy, several studies showed an alteration of global miRNA expression profiles in a variety of animal models and humans. 19 Specific miRNAs in brain tissue have been linked to seizure-induced neuronal death or neuroprotection. 28 Components of the miRNA biogenesis pathway that have been found to be altered in brain tissue from epilepsy patients result in select changes to miRNAs regulating neuronal microstructure, cell death, inflammation, and apoptosis. Over the past 5 years, several target studies and genome-wide miRNA expression-profiling studies 18, [29] [30] [31] [32] have identified over 100 different miRNAs in epilepsy patients or animal models, and they have provided compelling evidence that epilepsy is associated with widespread changes of miRNA expression. The first study on miRNA in human epilepsy was published in 2010 and reported an increase in hippocampal levels of miR-146a, an miRNA linked to the control of inflammatory responses. 33 More recently, a potential use of miRNA in clinical application has been proposed, using miRNA mimic or inhibitor sequences as possible therapeutic molecules in epilepsy, although several limits are emerging (i.e., targeted delivery and multi-targeting effect). 11, 16 miRNAs can be detected in blood serum, making them suitable candidates for potential biomarkers to assess disease risk and treatment responses. miRNAs have been found stable in serum, and the test of miRNAs in blood is broadly accessible, rapid, noninvasive, and economically sustainable. 34 Previous studies have documented that circulating miRNAs have been proposed as biomarkers, with potential application in aging and neurological diseases such as AD and multiple sclerosis (MS). 35, 36 Altered miRNA profiles in biofluids may be potentially useful biomarkers of epileptogenesis. In addition to their potential use as therapeutic tools, epilepsy-associated miRNAs offer prospects as biomarkers for identifying patients at risk. 37 Given that one miRNA is able to regulate several target genes belonging to different functional pathways, in this review, we highlight the role of miRNAs in controlling epilepsy functional hallmarks starting from the analysis of miRNA profiles of focal epilepsy animal models. We then tried to assess those miRNAs found commonly altered in tissues from animal models and in human focal epilepsy tissues, and we discussed their role in functional pathways altered in temporal lobe epilepsy (TLE) ( Figure 1 ). As circulating miRNAs could become the targets of therapeutic tools, we then focused on those human circulating miRNAs that, having a main role in the control of specific functional hallmarks associated with focal epilepsy, could become potential pharmacological targets for focal epilepsy (Figure 1 ).
miRNA Production miRNA sequence is transcribed by RNA polymerase II (Pol ll) as a long primary transcript (pri-miRNA). The majority of miRNAs are located in intronic regions of protein-coding mRNA. 38 As soon as the mRNA is spliced, pri-miRNAs emerge as a long hairpin structure. It undergoes several steps of processing, becoming pre-miRNA and mature miRNA to form miRNA duplex. 38 During the maturation, miRNA loses part of its sequence, being cut by Drosha in the nucleus and DICER complex in the cytoplasm. 38 One strand of the duplex miRNA, the guide strand, is recognized and loaded into the RNAinduced silencing complex (RISC) to elicit its silencing effect. The other strand, the passenger strand (indicated as miRNA *), is usually degraded. 38 Once miRNA recognizes the complementary sequence on the target mRNA (called the seed sequence), it binds to it, leading to mRNA degradation or repression, depending on the level of pairing with the seed sequence 38 (Figure 2 ).
In mammals, 60% of the mRNAs have a known seed sequence for miRNA binding; thus, miRNAs play an essential role in controlling all the cellular processes. 39 In the brain, miRNAs are particularly abundant and control neurogenesis. 40 In Dicer À/À mouse model, the biogenesis of miRNA is blocked, leading to neuronal loss and premature animal death. 41 Tissue-Associated and Circulating miRNAs in Focal TLE Animal Models Some epileptic models have been developed to understand the onset and development of the pathology. Initially, to study epilepsy, simple acute seizure models were developed, as those obtained by pentylenetetrazol or the volatile chemoconvulsant flurothyl treatment 42 to induce seizures, or maximal electroshock seizure models, but these models failed to mimic the spontaneous onset of seizures, typical of epilepsy. 43 Epilepsy has been studied in several organisms, starting from the simpler (i.e., Drosophila melanogaster, Caenorhabditis elegans, and Danio rerio) to non-human primates. 44 Nowadays, the most commonly used rodent models to study epilepsy are Rattus norvegicus and Mus musculus. The use of these animals has been helpful to generate genetic models of epilepsy. These models have been developed from the observation that single-gene mutations could be the cause of epileptic disease, such as mutation in ion (voltage-gated sodium channels, potassium channels, or calcium channels) and neurotransmitter receptor. 44 In the last case, epilepsy is a comorbid phenotype caused by other pathologies, such as AD, autism, or other neurological disorders. 44 More recently, other rodent models have been developed to study the status epilepticus (SE), which is an episode of prolonged seizures generated by an initial precipitant injury, affecting the hippocampus and/or the temporal lobe. These animal models were generated to mimic TLE, the most common form of epilepsy that displays a clinical history including an onset injury, a pre-epileptic latent period before the manifestation of spontaneous seizures, a chronic clinical manifestation, and the typical histopathological neuronal changes of human TLE. No animal model has been proposed until now to describe the development of non-focal epilepsy, possibly because the origin of this form of epilepsy is not completely understood. To generate TLE-associated status, the main models of acquired epilepsy are due to intracerebral or systemic injection of drugs (such as pilocarpine, kainic acid [KA], or bicuculine) or of toxins (tetanus toxins) or mimicking the etiology due to febrile seizures by hyperthermia treatment, sustained electrical stimulation, or ischemia. 44 Hyperthermia is a good model to mimic TLE, while the treatment with KA (an agonist of ionotropic glutamate receptor) or pilocarpine (an agonist of cholinergic muscarinic receptor) is the most commonly used model, presenting a histopathological profile similar to that observed in mesial TLE patients. 45 The research of miRNAs in biofluids of animal models of epilepsy could be helpful in order to identify new, specific, sensitive, reproducible, predictive, and accurate biomarkers and to develop new, noninvasive, standardized, cost-affordable, and easy-to-perform detection assay for the differential diagnosis of TLE. 46 We have found a few publications that propose a diagnostic signature of circulating miRNAs obtained by the study of animal models (i.e., Gorter et al. 32 and Hu et al. 47 ), while several single miRNAs have been shown to possess diagnostic properties (i.e., Liu et al. 42 ). Some papers discussed the miRNA profile of brain tissues of focal TLE animal models (i.e., Hu et al. 47 and Li et al. 48 ) and also presented data regarding circulating miRNAs (i.e., Gorter et al. 32 ). These miRNAs are summarized in Table 1 , grouped for each animal model. Some papers propose a single miRNA as a possible epilepsy biomarker, but without presenting an miRNA profile able to describe the pathology. 49 In 2014, three papers analyzed the miRNA profile of brain tissue extracted from two different rat epileptic models. High-throughput sequencing analysis of rat hippocampus generated by amygdala stimulation revealed that 7 miRNAs were differentially expressed in TLE models with respect to a non-stimulated animal model 48 (Table 1 ). In particular, all these miRNAs were upregulated in TLE, except miR-296-5p, which was downregulated. These miRNAs were validated by RT-PCR. The analysis of the functional role of these miRNAs in epileptic hippocampus revealed that, in chronic TLE, the main Several other proteins collaborate with the microprocessor to guide the correct maturation of the pri-miRNA (p53, SMAD1-3, p68, and TDP43). After Drosha processing, pre-miRNAs are exported into the cytoplasm by the transport complex formed by Exportin 5 and RAN-GTP. Once the complex is translocated into the cytoplasm, GTP is hydrolyzed to GDP, leading to complex disassembly. In the cytoplasm, another RNase guides the maturation of pre-miRNA into the duplex form,.i.e., Dicer. Dicer interacts with the double-strand hairpin structure of the cytosolic pre-miRNA and, in collaboration with TAR RNA-binding protein, cleaves the RNA duplex; further, the mature miRNA is loaded directly into the RNA-induced silencing complex (RISC), whereas the passenger miRNA is usually degraded. The RISC complex needs the help of two heat shock cognate proteins (HSC70 and 90) that, using ATP, mediate the opening of the Argonaute (AGO) protein to receive the miRNA duplex. The RISC receives the duplex, unwinds it, and degrades the passenger miRNA. The pairing between the RISC-mature miRNA and the seed sequence on the target mRNA determines mRNA degradation or mRNA repression. 38 function controlled by these miRNAs is apoptosis, which is observed as a neuronal loss induced by TLE.
The second paper 32 presented the analysis of rat brain hippocampal and dentate gyrus (DG) tissues from electrically induced SE compared to control tissues. This work revealed that several miRNAs were altered at different time points (day 1 and day 7 to simulate acute phase and 3 months after seizures at latent stage). In particular, miR-21 was upregulated in both acute and latent stages; miR-143, miR-23a, and miR-27a were upregulated in both latent and chronic stages in the CA1 region of the hippocampus (Table 1 ). In DG, 4 miRNAs were upregulated at all time points: miR-132, -132*, -21, and -212. miR-142-5p was upregulated in acute and latent stages, but not in chronic phase, while three miRNAs were upregulated only in chronic and latent phases: miR-23a, -146a, and -212*. miR-223 was upregulated only in acute and chronic phases. In the same paper, plasma miRNA analysis was performed. It confirmed that miR-21-5p, -146-5p, and miR-142-5p were upregulated; in particular, miR-21-5p increased significantly at 1 week post-SE, while miR-146a-5p
showed an increased expression 3-4 months after SE and not 1 week after SE, as observed in the tissues. miR-142-5p was increased in plasma 24 hr and not 1 week after SE. Regarding the role controlled by these miRNAs in the epileptic models after 1 week from SE, the main functions are those related to the inflammatory process (transforming growth factor b [TGF-b] signaling and Toll-like and interleukin-1 receptor signaling). The inflammatory pathway is controlled by miR-19b, miR-20b, miR-21, and miR-146a, which are all upregulated, and miR-33, which is downregulated. In the tissues, miR-21 and miR-21* are the most upregulated miRNAs after 1 week of SE in all the rat brain tissues. Also, these miRNAs seem to be involved in the regulation of inflammatory process, associated with Toll-like receptor signaling.
The third paper 47 presented the results of the analysis of rat hippocampus from a pilocarpine-induced epileptic model; miRNA array profiling revealed 19 upregulated and 7 downregulated miRNAs ( Table 1 ). The comparative analysis of these miRNAs in the hippocampus from this epilepsy model showed that miR-21 was decreased in hippocampal tissue, while miR-22, miR-34a, and miR-125a-5p were increased. This paper presented also the results of miRNA profiling in peripheral blood samples of the same epileptic model. Some miRNAs were investigated; miR-21-5p was decreased, while miR-22, miR-34a, and miR-125a were confirmed to be increased. The deregulated miRNAs were predicted to control the mitogen-activated protein kinase (MAPK)-signaling pathway, TGF-b-signaling pathway, long-term potentiation pathway, tight junction pathway, glycan structure-biosynthesis 1, and axon guidance. 47 In another paper, high-throughput miRNA profiling was used to analyze differentially expressed miRNAs in rat hippocampus 24 hr after amygdala electric stimulation 50 (Table 1 ). Five miRNAs were increased in 1 week, while only miR-99b-3p was decreased 3 weeks after SE. The expression of miR-365-5p and miR-99b-3p correlated with neuronal apoptosis observed in SE tissues. 50 The analysis of the DG of the amygdala in electrically stimulated rats revealed that 9 miRNAs were upregulated, while 57 miRNAs were downregulated. 31 The miRNAs with the highest downregulation were miR-7a-5p, miR-187-3p, and miR-551b-3p, while those with the highest increase were miR-21-5p, miR-212-3p, and miR-132-3p. The analysis of potential miRNA targets revealed that several biological functions could be affected, such as transcription, response to wounding, apoptosis, cell proliferation, and immune response. 31 The miRNA expression profile analysis of the rat models of SE and TLE induced by pilocarpine treatment revealed that 9 miRNAs were upregulated and 15 were downregulated 18 (Table 1) . Among the others, miR-34a was significantly upregulated. 18 In another pilocarpine-induced epilepsy mouse model on hippocampus, miRNA profile revealed that, at a later time (28 days after the induction of SE with pilocarpine treatment), 51 miRNAs were significantly deregulated. In particular, 22 miRNAs were upregulated while 29 were downregulated 51 (Table 1) .
DG and hippocampus tissues isolated from a KA mouse model or saline-injected mouse were subjected to multi-omics profile. 52, 53 Among the 189 dysregulated miRNAs, 53 the authors highlighted the upregulation of 15 hippocampal miRNAs, with an enrichment of brain-specific miRNAs ( Table 1 ). In another publication, 54 CA3 regions from control or KA-treated animals were isolated and subjected to miRNA profile. The analysis revealed an increase of 25 miRNAs in epileptic models versus control (Table 1 ). In Pichardo-Casas et al., 55 KA-treated hippocampus was analyzed for specific miRNAs, and the authors identified a general reduction of all considered miRNAs, with a significant reduction in miR-145 expression. In Jimenez-Mateos et al., 56 the miRNA profile was extracted from the ipsilateral CA3 subfield 24 hr after focal-onset SE in KA animal models, and 45 miRNAs were found altered in SE versus controls (Table 1) .
Regarding the miRNA profile of the KA mouse or rat model of epilepsy, no paper actually exists with an miRNA profiling of epilepsy-associated plasma or serum. Only one paper presented the miRNA profile for brain ischemia, hemorrhage, and KA-induced seizure tissues and blood; 57 but, in this paper, the list of all the miRNA specifically altered in the blood of SE models versus control animals is not specifically reported.
All the results highlight the importance of miRNA in the epilepsy phenotype, but a general agreement on a few common groups of miRNAs as possible diagnostic or prognostic biomarkers of epilepsy is still lacking. By comparing the lists of altered miRNAs in all the analyzed papers, we sum up with the tissue-associated miRNAs with a coherent pattern of expression in two models of epilepsy (with coherent we mean those miRNAs that are increased or decreased in the same way in two different epilepsy models), representing a core list of 20 possible epilepsy-associated miRNAs altered in at least 2 of 3 animal models of chronic epilepsy: Analyzing the literature to identify all the publications on whole miRNA profiling on human epileptic tissues (hippocampus or DG), we identified only one new recent paper that proposes the whole miRNA profile of human hippocampus of TLE subjects. 58 Considering the 20 tissue-isolated miRNAs in common between at least two TLE animal models obtained by an analysis of Table 1 (namely, miR-23a, miR-27a, miR-31, miR-99a, miR-125b-5p, miR-129-5p, miR-132-5p, miR-142-5p, miR-146a, miR-212-3p, and miR-375 all upregulated; miR-10b, miR-21, miR-29a, miR-138, miR-153, miR-181c, miR-187-3p, miR-330-3p, and miR-551b-3p all downregulated), we found some present in the profiles of human epileptic tissue. In particular, we found 4 miRNAs that are in common with the miRNA hippocampus profile of human TLE subjects. 58 Following the new annotation suggested by the database http://mirgenedb. org/, 59 the four miRNAs are Hsa-miR-132-P1, Hsa-miR-142-P1-v1_5p, Hsa-miR-146-P1_5p, and Hsa-miR-138-P1_5p.
A recent publication by Korotkov 60 proposed a meta-analytic approach to identify unique miRNA profiles by comparison of three post-epileptic seizure models. In our approach, Korotkov's analysis includes electrical stimulation, pilocarpine, and KA models. The authors compared profiles obtained by their analyses with the miRNA profile of human TLE with hippocampal sclerosis, which instead was not included in our study. The Korotkov analyses also considered different stages of epileptogenesis in animal models, while we focused on miRNA profiles of the latent and chronic epileptic statuses of animal models, which, in our opinion, are more similar to human disease when it is diagnosed. Some miRNAs of latent and chronic stages described by Korotkov have also been found in our analysis (i.e., miR-23a and miR-146a-5p among the upregulated miRNAs and miR-551b-3p among the downregulated miRNAs).
This limited overlap between miRNA profiling in human and animal tissues may possibly be because of the different techniques for miRNA isolation and profiling to the different brain regions analyzed or to the low abundance of altered miRNAs in epilepsy.
To understand the role of the 4 overlapping miRNAs between human and animal models in epilepsy development, we evaluated their functions through a pathway enrichment analysis, identifying a group of pathways significantly enriched with miRNA targets. We used 1,077 pathways derived from the Reactome, 61 BioCarta, 62 and Kyoto Encyclopedia of Genes and Genomes (KEGG) 63 databases. The enrichment for each miRNA was evaluated using the Fisher's exact test between miRNA targets and the selected 1,077 pathways. We considered a pathway to be enriched if the p value was <0.01; p values were adjusted using the Benjamini-Hochberg procedure for multiple testing correction. 64 The association between miRNA and its target gene was performed using experimentally validated databases, such as miRTAR, 65 miRWalk, 66 and miRTarBase. 67 An R package, SpidermiR, was used to integrate the data. [68] [69] [70] The only miRNAs that control functional pathways, in a statistically significant way, are Hsa-miR-132-P1, Hsa-miR-138-P1_5p, Hsa-miR-142-P1-v1_5p, and Hsa-miR-146-P1_5p (Table 2) .
Among the pathways controlled by these four miRNAs, there are (1) cell cycle, proliferation, and apoptosis; (2) neuroinflammation; (3) gene expression; and (4) tissue remodeling ( Table 2 ).
(1) Cell cycle, proliferation, and apoptosis. Hsa-miR-132-P1 has been already studied in cancer, playing a role in the control of proliferation, apoptosis, 71 and epilepsy-associated inflammation. 72 In TLE, miR-146 upregulation is usually associated with not only neuroinflammation 73 but also the suppression of proliferation 74 and decrease of vascular endothelial growth factor (VEGF) expression and vasculogenesis. 75 It has been already reported that, in epilepsy, a loss of neurons and an increase in inflammation are among the main histopathological features. 76 (2) Neuroinflammation. Several pro-inflammatory cytokines increase during epilepsy or after an epileptic event, and, as a consequence, their related miRNAs are also affected.
Regarding miR-146a-5p, previous publications have demonstrated it to play a role in the increase of IL-1beta and tumor necrosis factor alpha (TNF-a), 77 being upregulated in hippocampal astrocytes of epileptic rat models and in human brain tissues. 33 It has been suggested that the upregulation of miR-146a-5p could represent an attempt of the astrocytes to modulate and reduce inflammatory response due to IL-1b, perhaps by modulating IL-1R1-associated protein kinase-1 and -2 (IRAK1 and IRAK2) and TNF receptorassociated factor 6 (TRAF6). 78, 79 In rodents, pharmacological treatment with a blockage of IL-1b synthesis reduced seizure, decreasing the inflammation associated with SE. 80 Thus, miR-146a-5p could be proposed as a possible target to inhibit epilepsy-associated neuroinflammation. (3 and 4) Gene expression and tissue remodeling. The control of miRNAs on gene expression could lead to different functional outcomes. A clear role of miR138-P1_5p in homeostasis and tissue remodeling already has been demonstrated, 81 possibly due to its ability also to control sirtuin genes (i.e., SIRT-1). This miRNA also seems to play a role in angiogenesis and hypoxia response. 82, 83 Neuronal miR-132-3p, necessary for neuronal development, plays a role in brain morphogenesis, controlling neurotrophin, the MAPK-signaling pathway, and apoptosis. 56 Thus, this observation highlights the ability of this miRNA to control the gene expression, which determines its influence on several functional processes. 84 On miR-146, several papers demonstrate its involvement in remodeling by modulating axonal growth 85 , as well as in heart tissue remodeling. 86 
Circulating miRNA in Human Epilepsy
One interesting feature of miRNAs is that they can be secreted and found in several human biofluids (lacrimae, milk, serum, plasma, saliva, and urine) under both physiological and pathological conditions. This feature makes miRNAs a promising molecule for diagnosis, prognosis, or the development of new therapeutic tools. Although the miRNA expression level in biofluids is not abundant, several commercial kits allow their isolation, identification, and amplification by real-time qPCR or next-generation sequencing (NGS) approaches on a low-cost basis. The main problem is the method for the selection of the group of epilepsy-associated miRNAs.
In animal models, the main miRNA isolated in the blood of at the least two different TLE models is miR-21-5p. 32, 55 Looking for "circulating diagnostic miRNA in human epilepsy," we found only 6 papers in PubMed (November 2017). To identify a reliable diagnostic biomarker able to identify the pathology, we analyzed those 6 publications 87-92 and the results are presented here (Table 3) .
One paper was excluded because it describes the procedures for the standardization of biomarker analysis in epilepsy without proposing any miRNA profile related to the disease. 46 In the second paper, the circulation of the miRNA profile in humans was analyzed in cerebrospinal fluid (CSF), this fluid being in close contact with the brain tissue involved in the pathology. 87 CSFs from 15 TLE patients were compared to those of 15 healthy subjects. The au-thors identified miR-19b-3p as significantly downregulated in epilepsy versus control, while miR-451a was significantly higher in TLE versus control samples. Receiver operator characteristic (ROC) analysis revealed that miR-19b-3p shows a good performance in the diagnosis of epilepsy (area under the curve [AUC] 0.73) and that the combination of miR-19a-3p and miR-451a has the best AUC value (0.82). 87 In the third paper, serum profiles of the miRNA of 30 epileptic patients versus 30 healthy control were analyzed. 88 Among 2,578 serum miR-NAs analyzed with the Illumina platform, the authors found that 4 miRNAs were significantly upregulated (let-7d-5p, miR-106b-5p, miR-130a-3p, and miR-146a-5p), whereas 6 miRNAs (miR-15a-5p, -144-5p, -181c-5p, -194-5p, -889-3p, and novel-mir-96) were downregulated. The RT-PCR validation phase on 30 epileptic versus 30 healthy subject serum profiles revealed that miR-15a-5p, miR-194-5p, and miR-96 were downregulated, while let-7d-5p, miR-106b-5p, -130a-3p, and -146a-5p were increased in epileptic versus normal subjects. The ROC analysis on 112 patients versus 112 healthy controls revealed that 6 miRNAs could be proposed as diagnostic biomarkers of epilepsy (let-7d-5p, miR-15a-5p, miR-106b-5p, miR-130a-3p, miR-146a-5p, and miR-194-5p) and that serum miR-106b-5p is the best diagnostic circulating miRNA for epilepsy, with 80.3% sensitivity and 81.2% specificity. 88 The authors proposed miR-106b-5p as the best diagnostic circulating miRNA for epilepsy diagnosis.
In the fourth paper, plasma miRNAs were analyzed, and decreased expression of miR-134a was proposed as a circulating biomarker of mesial TLE (MTLE) validated on a cohort of 65 MTLE and 83 controls. 89 In serum, four epilepsy-associated miRNAs (miR-106b, miR-146b, miR-194-5p, and miR-301a) have been validated by RT-PCR in 90 epileptic subjects against 90 control subjects in the fifth paper. 90 The authors found that miR-106b, miR-146b, and miR-301a significantly increased while miR-194-5p decreased in TLE samples. Moreover, the use of miR-106b and miR-146b has been proposed as a two-miRNA signature with diagnostic ability. 90 Plasma miRNAs have been isolated from exosomes as well. 91 Among the 6 differentially expressed miRNAs in human plasmatic exosomes among epileptic and healthy subjects, miR-3613 emerges as the best diagnostic molecule (AUC = 0.8444). 91 Serum let-7d-5p, miR-106b-5p, -130a-3p, -146a-5p (up); miR-15a-5p, -194a-5p (down) TLE diagnosis (AUC all = 0.88) (AUC miR-106b-5p = 0.882) 88 Plasma miR-34a (down) mesial TLE diagnosis (AUC = 0.671) 89 Serum miR-106b-5p, -146a (up) TLE diagnosis (AUC = 0.887) 90 Plasma exosomes miR-3613-5p (up); miR-197-5p, miR-4322, miR-4668-5p, miR-6781-5p, miR-8071 (down) TLE diagnosis (AUC for miR-3613-5p = 0.8444) 91 In the sixth paper, 92 a comparative analysis of circulating miRNAs in epilepsy has been proposed. In recent years, several miRNAs have been proposed as circulating biomarkers, showing dynamic changes of miRNA expression in relation to the history of the pathology. Some miRNAs could be expressed soon after the onset of seizures (i.e., miR-9a-3p), whereas others were expressed only after the chronicization of the disease (i.e., miR-21-5p). 92 Considering both animal models and human samples, several inconsistencies emerge among the identified epilepsy-associated circulating miRNAs, and a unique miRNA signature associated with epilepsy is not detectable. In particular, when a comparison between miRNA profiles obtained from biofluids in an animal model and the circulating miRNA profile of human epilepsy is performed, only Hsa-miR-146-P1_5p and Hsa-miR-34-P1 are commonly present in the plasma of epilepsy animal models 32, 55 and in human serum samples. 88, 90 Circulating Hsa-miR-146-P1_5p has already been associated with human TLE by several papers (i.e., Korotkov) , and Hsa-miR-34-P1 could potentially become a new diagnostic circulating biomarker of epilepsy. The limited overlap among human and mouse model circulating miRNA profiles could be due to the differences of the species used for animal models (rat versus mouse) and human pathology, different time points during pathology development in animal models, the different techniques used for epilepsy generation (electric stimulus versus pilocarpine injection versus KA injection), or the different methods used for miRNA analysis (NGS or RT-PCR). With regard to human biofluid samples, it is difficult to identify a main miRNA that plays a key role in the pathology as the analysis is performed on different tissues, such as CSF, serum, and plasma. The analysis of a recent database, 93 containing "up-to-date information on all publications related to microRNA and epilepsy," revealed that some miRNAs were reportedly upregulated in human blood and downregulated in human brain tissues (i.e., Hsa-miR-146-P1_5p) or vice versa. Other miRNAs are only reported to be upregulated in brain tissues and no confirmation highlighted their presence in human blood (i.e., Hsa-miR-34-P1).
To understand which miRNAs have a key role to play in epilepsy development, we considered single circulating miRNA or small-profile miRNA, described in Table 3 , with an in silico approach in relation to their role in epileptic hallmarks, with epileptic hallmarks being the main biological pathways affected in epilepsy. 94 We consider epilepsy hallmarks all the pathophysiological processes that are altered in epilepsy, giving rise to spontaneous seizures, such as those reported in Brennan and Henshall 16 and Shao and Chen: 92 neuroinflammation, neurodegeneration, neurogenesis, gene expression, oxidative response, neuronal plasticity, tissue remodeling, circadian rhythm, and drug resistance. 16 TLE-Associated Circulating miRNAs Control Cell Proliferation and Apoptosis, Brain Tissue Remodeling, and Neuroinflammation Some papers have described the role of miRNAs on epileptic hallmarks (i.e., Brennan and Henshall 16 ) but without analyzing in detail the molecular pathway and the genes within those pathways, which are targets of the identified miRNAs by an in silico approach. In other recent reviews (i.e., Henshall), a detailed description of the use of miRNAs as potential therapeutic tools is offered. In our approach, we used bioinformatics tools to identify miRNAs with a major role in the control of functions altered in epilepsy while also considering miRNAs as potential therapeutic molecules. In particular, we focused mainly on the use of those miRNAs that we selected with our approach as potential therapeutic tools.
To identify a small number of miRNAs with a key role in epilepsy development, we evaluated the role of all the 15 circulating miRNAs in Table 3 (let-7d-5p, miR-15a-5p, -19b-3p, -34a, -106b-5p, -130a-3p, -146a-5p, -194a-5p, -197-5p, -451a, -3613-5p, -4322, -4668-5p, -6781-5p, and -8071) through a Pathway Enrichment Analysis, as described previously, involving the identification of a group of pathways significantly enriched with miRNA targets. Figure 3 shows pathways enriched with miRNA-validated targets for 8 of the 15 miRNAs of Table 3 , namely, let-7d-5p, miR-15a-5p, miR-19b-3p, miR-34a, miR-106b-5p, miR-130a-3p, miR-146a-5p, and miR-451. Indeed, no validated miRNA targets were found for miR-194a-5p, -451a, -3613-5p, -4322, -4668-5p, -6781-5p, and -8071.
Among the most enriched pathways identified, there were the following: immune system, cell cycle, apoptosis, and neurotrophinsignaling pathway (Figure 3) .
Focusing on the 8 human circulating epilepsy-associated miRNAs, we analyzed their possible role in epilepsy-associated cellular functions. 16 From our analysis, the known, major physiological processes altered in TLE include the following (Figure 3 ):
(1) Neuroinflammation with the involvement of microglia, which was called "immune system" in in silico analysis (Figure 3 in brown gradation). This pathway includes several genes regulated by miR-15a-5p (downregulated), miR-106b-5p, miR-146, and miR-451 (see Table S1 ). As already seen, several pro-inflammatory cytokines are increased during epilepsy or after an epileptic event. miR-15b-5p has been found to be specifically upregulated in the CSF of subjects who were Alzheimer's patients 95 correlated to plaque scores. On the contrary, in another pathology, i.e., that of diabetic retinopathy, miR-15a-5p has been proposed as a key regulator of both pro-inflammatory and proangiogenic pathways via the regulation of acid sphingomyelinase (ASM) and VEGF-A. 96 In epilepsy, this miRNA has been found to be downregulated, suggesting a possible loss of control over the enzyme ASM, leading to the conversion of sphingomyelin into pro-inflammatory and pro-apoptotic ceramide. 97 miR-106b, found upregulated in epilepsy, was described to be involved in AD-associated inflammation. 98 As simvastatin has been proposed as a possible anti-inflammatory and anti-apoptotic drug in AD, 98 recently statins also have been been tried as potential antiseizure drugs, highlighting a possible protective, anti-inflammatory mechanism. 99 Also miR-451, involved in the maintenance of the inflammatory status in several brain pathologies (i.e., Churov et al. 100 ), has been proposed as a potential target of several statins. 101 Regarding miR-146, we have already described its possible role in neuroinflammation.
Some papers described the upregulation of miR-451 in TLE 54 and associated it with inflammation in the brain (i.e., Cogswell et al. 102 ).
Figure 3. Circulating miRNAs with a Main Role in Epilepsy Hallmarks
Circos plot showing the relationships among eight circulating miRNAs in epilepsy (yellow gradation, ') and their target pathways. The pathways are grouped into six main sets: purple gradation, cell cycle control; blue gradation, tissue remodeling ion channel modification and neuronal plasticity; green gradation, transcription regulation and gene expression; brown gradation, inflammation pathway; black gradation, apoptosis; and pink, stemness. The width of each pathway slice is proportional to the number of genes of each pathway, and that of each miRNA slice is proportional to the number of gene targets of those miRNAs of all pathways. The circos plot was constructed using R-package circlize. 125 The miRNAs that have been proposed as therapeutic molecules are indicated with a plus sign.
(2) Neurogenesis, cell cycle control, and cell proliferation, called "cell cycle" in in silico analysis (Figure 3 in purple gradation). This pathway includes all those genes involved in neuronal cell proliferation and differentiation, which are controlled by miR-15a-5p, miR-34a, miR-106b-5p, and miR-146 (see Table S2 ).
In epilepsy, the observed downregulation of miR-15a-5p could lead to the reducing of its control activity on its targets, including ubiquitin ligase FBXW7 that destabilizes Cyclin E, leading to the block of the cell cycle in the S phase. 103 This could reflect partially the inhibition of neurogenesis, which, with the parallel increase of neuronal apoptosis, leads to the neuronal loss observed in epileptic subjects. 104 Regarding a possible role of miR-34a in neurogenesis, it has been recently demonstrated that the miR-34/449 family is a key regulator of mitotic spindle orientation during cortex development. 105 Moreover, miR-34 family members are the main upregulated miRNAs in differentiated neurons, and they have a role in the control of cell cycle and the blocking of apoptosis, 106 suggesting that the observed downregulation of miR-34a in epilepsy could lead to cell cycle block, apoptosis activation, and neuronal loss. 106, 107 Also in the rat model of epilepsy induced by electric stimulation, miR-106b-5p has been reported to be upregulated in the early phase, suggesting a potential role of this miRNA in the induction of neuronal cell cycle block and neuronal apoptosis. 31 Regarding miR-146, we have already described its possible role in the control of cell proliferation.
(3) Apoptosis (Figure 3 in black gradation). This pathway includes all genes involved in pro-or anti-apoptotic signaling, which are validated targets of miR-15a-5p (downregulated), miR-106b-5p, miR-146, and miR-451 (see Table S3 ).
The main role of miR-15a-5p in the brain has been described as an ischemic modulator. 108 After ischemic brain injury, miR-15a/16 cluster level is usually increased. It has been observed that the treatment with antagomiR or the genetic loss of this miRNA cluster is able to induce the upregulation of anti-apoptotic proteins (such as Bcl2 and Bcl-w) and suppress pro-inflammatory molecules. 108 It is possible that the observed miR-15a-5p downregulation in epilepsy is mainly caused by the effect of miR-15a-5p decrease on the modulation of neuroinflammatory cytokines.
miR-106b-5p has been predicted to regulate caspase 6 (CASP6) and MAPK-binding protein 1 (MAPKBP1) (inflammation and neuronal apoptosis). 88 SE induces CASP6 expression and activation in rat hippocampus, leading to neuronal apoptosis in different epilepsy models. 109, 110 The upregulation of miR-146 has been found in several epilepsy models, 18 and it could play a role also in the regulation of neuronal apoptosis. [111] [112] [113] The upregulation of miR-451 decreases proliferation and promotes apoptosis in other pathologies as well. 114, 115 In CSF, the upregulation of miR-451a has been associated with several CNS pathologies. 116 Regarding the role of miR-451, it is known that this miRNA is able to control the AMPK-mTOR pathway. 117 miR-451 increase, observed in epileptic patients, could modulate autophagy and neuronal loss, as observed in brains after cerebral ischemia. 118 miRNA-Based Treatment in Epilepsy miRNA modulation in epileptic animal models could be proposed as a therapeutic tool for modulating the epilepsy phenotype and could be obtained by the administration of synthetic oligonucleotides. These oligonucleotides could encode for the same sequence of the miRNA (miRNA mimic) if it is necessary to increase miRNA sequence as it is downregulated in epilepsy, or the reverse sequence (miRNA inhibitor) if it is necessary to decrease miRNA sequence as it is upregulated in epilepsy. Considering the role of miRNAs in different epilepsy hallmarks, some of the mimics or inhibitor molecules designed on miRNA sequence have been tried as potential therapeutic tools (Figure 3 , indicated with a plus sign).
Regarding miRNA mimic or inhibitory synthetic oligonucleotides with potential therapeutic application, several miRNAs considered for the synthetic modulation belong to the class of circulating human TLE miRNAs, as if the modulation of a circulating molecule, used for the communication between cells of the same tissue, could be easier with respect to the modulation of intracellular molecules. In particular, we focused on those 8 of the 15 human circulating epileptic miRNAs that, playing a role in controlling epilepsy hallmark functions, could become the target of new therapies (let-7d-5p, miR-15a-5p, -19b-3p, -34a, -106b-5p, -130a-3p, -146a-5p, -451).
Among these, anti-miR-146a has been administered via intranasal delivery in a pilocarpine-induced TLE mouse model. 113 The percentage of animals with seizure onset was reduced to 6.7%, with a parallel increase in seizure latency and severity. This was possibly caused by the observed decrease in inflammatory modulators, such as nuclear factor kB (NF-kB), TNF-a, IL-1b, and IL-6, as well as IRAK1 and TRAF6. 113 With the same aim, in 2017, Iori et al. 119 utilized the mimic miR-146a injection to block IL-1 receptor/Toll-like receptor (IL-1R1/ TLR4) molecular pathway, obtaining a reduction of chronic seizure recurrence and preventing the progression of the disease obtained by KA injection. On the contrary, He et al. 120 first demonstrated a significant increase of miR-146a 1 week after the induction of SE in rat by electrical stimulation. They analyzed the effect of antagomiR-146 on both human astrocytoma cell lines and rat epileptic models by injection in the lateral ventricle of the brain. The treatment increased the latency of the first seizures, decreasing the duration and the frequency of the phenomenon. 120 The differences in the results described in these two publications could be because of different models of epilepsy used. Iori et al. 119 analyzed the modulation of miR-146a in a mouse model obtained by intra-amygdala KA injection. The authors analyzed the effect of mimic miR-146 pretreatment before the onset of epilepsy or in a mouse model of acquired epilepsy. The authors show that the mimic miR-146 pretreatment decreases hippocampal excitability and acute seizure manifestation, also after KA injection. They hypothesized this occurs by reducing TRAF6 and IRAK2, key proteins for IL-1R1/TLR signaling. Next, the authors studied the effect of miR-146 increase on the acquired epileptic mouse model, and they showed a transient reduction in the number and frequency of seizures. He et al. 120 analyzed the effect of antagomiR-146 on the hippocampus of an electric rat model of epilepsy. In their paper, the authors demonstrated that Complement factor H (CFH) is a direct target that possibly mediates the observed effect of antagomiR-146a. This target gene is described as a critical repressor of the complement and innate immune system, being a specific inhibitor of the C3-to-C3b transition in the complement pathway. It can thus be speculated that, in the initial phases of the disease, the acute phase response signaling is activated (the activation of IL-1R1/TLR signaling), causing the release of numerous proteins in the blood that serve as indicators of an inflammatory state. These indicators activate the complement pathway (second phase) that is required to resolve the cause of inflammation. This two-step process leads to the acquired epilepsy manifestation. We could speculate that in the initial phase, mimic miR-146 is able to silence key transducers of the acute phase response, causing a transient reduction of clinical manifestation of epilepsy, while in the second phase, when the complement system is activated, antagomir-146 is effective in activating a repressor of the complement system, thus reducing the neuroinflammation associated with the pathology. Recently, a model of activity has been proposed in which the upregulation of miR-146a causes an increase in IL-1b and a parallel decrease of CFH. The increase in IL-1b generates a feedback loop that upregulates miR-146a, which generates the chronicization of the inflammatory state observed in epileptic subjects. 121 In addition, miR-34a has been proposed as a potential therapeutic target because the administration via the injection of miR-34a antagomiR, reducing its hippocampal levels, has a small modulatory effect on apoptosis, with the exception of severe or moderate SE. 107 Nanoparticles containing miR-34a plasmid have been successfully developed for the modulation of miR-34 within breast cancer treatment. 122 The use of antagomiR of miR-34a has been proposed as a therapeutic approach in a pilocarpine-induced epilepsy rat model, reducing the seizure-induced neuronal cell death at day 7 post-SE. 18 The use of antagomiR-34a in combination with nanoparticles could be proposed as an opportunity for treating epilepsy.
Another research proposed to use mimic miR-19b for the modulation of this miRNA. 19 In particular, the authors incorporated derived microparticles into endothelial cells to modulate the atherosclerosis phenotype in a mouse model. The intravenous injection of the microparticles promoted inflammatory cytokine secretion and macrophage infiltration in perivascular adipose tissues. 19 As miR-19b-3p is downregulated in epileptic subjects, these miR-19b-filled microparticles could be proposed for the treatment of epileptic animal models to decrease the inflammation of epileptic subjects, thus translating this miRNA-based therapy to epileptic patients.
No experiment has been proposed to analyze the in vivo effect of an-tagomiR-451, let-7d inhibitor, antagomiR-106b, antagomiR-130a, or mimic miR-15a-5p in SE models. These miRNAs could be proposed as possible target molecules for thedevelopment of new oligonucleotide-based therapeutic options. No publication is currently available on the role of miR-197-5p, -3613-5p, -4322, -4668-5p, -6781-5p, and -8071 in epilepsy.
Among other antagomiRs analyzed for therapeutic application in epilepsy, antagomiR-134 is one of the most promising miRNAs; a single intracerebroventricular injection of locked nucleic acid (LNA)-antagomiR-134 reduced kainate-induced seizures by 50% and reduced hippocampal cell damage, suggesting the use of this approach in epilepsy. 17 A similar result was obtained by the use of antagomiR-132 in pilocarpine-induced epileptic rats. This treatment reduced SE-associated degeneration of neurons and spontaneous seizures. 123 Further, miR-184 has been modulated in in vitro experiments, and its overexpression significantly decreased secretion of the pro-inflammatory cytokines IL-6 and IL-1b without affecting mouse neuronal viability. 124 Until now, no clinical trial has been proposed using miRNA-based treatment as a possible therapeutic option for epilepsy, but some interest is emerging on the role of these molecules during the onset, development, and healing of the disease (ClinicalTrials.gov: NCT02359188).
Conclusions
In this review, we analyzed miRNAs related to epilepsy with diagnostic properties. In particular, we considered all the TLE animal models, and we identified a group of 20 miRNAs (upregulated: miR-23a, -27a, -31, -99a, -125b-5p, -129-5p, -132-3p, -142-p, -146a, -212-3p, and -375; downregulated: miR-10b, -21, -29a, -138, -153, -181c, -187-3p, -330-3p, and -551b-3p) that are commonly altered in at least two different focal TLE animal models. An emerging problem is related to the translation of some of these miRNAs to the human pathology, because there is a poor overlap in the miRNA profiles of human tissues and animal model tissues. Indeed, we found four miRNAs that are common between animal model and human tissue profiles and could be proposed as diagnostic tissue-associated miRNAs (Hsa-miR-132-P1_5p, -138-P1_5p, -142-P1-v1_5p, and -146-P1_5p).
Looking for a small group of TLE-associated circulating miRNAs, we analyzed circulating miRNA profiles of different human body fluids, identifying a group of 15 circulating miRNAs (let-7d-5p, miR-15a-5p, -19b-3p, -34a, -106b-5p, -130a-3p, -146a-5p, -194a-5p, -197-5p, -451a, -3613-5p, -4322, -4668-5p, -6781-5p, and -8071) with potential diagnostic properties in humans. Of these, only miR-146-P1_5p and miR-34-P1 have been found in biofluids of animal models of TLE, and 8 of the 15 human circulating miRNAs seem to control neuroinflammation, cell proliferation, apoptosis, and brain tissue remodeling, all histopathological features affected in TLE. Until now, miR-194a-5p, -197-5p, -451a, -3613-5p, -4322, -4668-5p, -6781-5p, and -8071 have an unknown role in epilepsy development.
For the development of new therapeutic molecules, theranostic research has selected some miRNAs belonging to the group of TLEaltered tissue miRNAs (i.e., miR-132), although it seems easier for the successful modulation of a circulating molecule (i.e., miR-34 family members or miR-146) with respect to one intracellular miRNA. From our analysis, other miRNAs, especially those circulating (i.e., miR-19b-3p, -34a, and -146a-5p), could emerge as innovative therapeutic molecules for the development of theranostic miRNA-based approaches.
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